Recent evidence suggests that nitric oxide (NO) acts as an intermediate of ABA signal transduction for stomatal closure. However, NO's effect on stomatal opening is poorly understood even though both opening and closing activities determine stomatal aperture. Here we show that NO inhibits stomatal opening specific to blue light, thereby stimulating stomatal closure. NO inhibited blue light-specific stomatal opening but not red light-induced opening. NO inhibited both blue light-induced H þ pumping and H þ -ATPase phosphorylation. The NO scavenger 2-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) restored all these inhibitory effects. ABA and hydrogen peroxide (H 2 O 2 ) inhibited all of these blue light-specific responses in a manner similar to NO. 
Introduction
Nitric oxide (NO) is a highly diffusible gas and a ubiquitous bioactive molecule with well-characterized signaling roles in mammalian systems (Furchgott 1995) . NO is suggested to play crucial roles in plant development, stress responses and programmed cell death, but its site of action in any signaling pathway remains unknown (Delledonne et al. 1998 , Gould et al. 2003 . Recently, NO was implicated in stomatal closure in response to ABA Lamattina 2002, Neill et al. 2002a) . NO stimulates the elevation of cytosolic Ca 2þ by the release of intracellular stores in guard cells, thereby inhibiting the inward-rectifying K þ channels (I K,in ) and activating anion channels (I cl ). These changes in the channel activities cause stomatal closure as Ca 2þ -dependent pathways in ABA signaling . Such NO-dependent Ca 2þ release in guard cells is regulated by protein phosphorylation/dephosphorylation, because general serine/threonine protein kinase inhibitors simultaneously suppressed both the inactivation of I K,in and the activation of I cl by NO (Sokolovski et al. 2005) . Furthermore, NO has been demonstrated to cause stomatal closure in the epidermal peels of Vicia and Arabidopsis, and ABA-induced NO synthesis has been found to require hydrogen peroxide (H 2 O 2 ) production, with NO synthesis induced mainly by nitrate reductase in guard cells (Desikan et al. 2002 , L8 et al. 2005 , Bright et al. 2006 ). These investigations focused on NO's effect on the processes of stomatal closure, and suggested that NO enhances plant tolerance to drought stress (Garcia-Mata and Lamattina 2001 , Garcia-Mata and Lamattina 2002 , Neill et al. 2002a , Neill et al. 2002b ). However, little is known about NO's effect on stomatal opening by light, although ABA inhibits the stomata's opening responses (Shimazaki et al. 1986 , Goh et al. 1996 , Assmann and Shimazaki 1999 .
Stomatal opening to light consists of two distinct components: one depends on photosynthesis as an energy source induced by a relatively strong light, while the other depends on the signaling system specific to a weak blue light (Shimazaki et al. 2007 ). Photosynthesis-dependent stomatal opening is mediated by the decrease in intercellular CO 2 concentration by mesophyll chloroplasts and/or guard cell chloroplast activity, although the exact nature of these processes is unknown Hedrich 2005, Vavasseur and Raghavendra 2005) . Separate lines of evidence have demonstrated that blue light activates the H þ pump in guard cells (Assmann et al. 1985 , Shimazaki et al. 1986 , Roelfsema et al. 2001 , Taylor and Assmann 2001 . The activated pump increases the insidenegative electrical potential across the plasma membrane, drives K þ accumulation through the voltage-gated inwardrectifying K þ channels and finally results in stomatal opening (Assmann and Shimazaki 1999 , Schroeder et al. 2001 , Roelfsema and Hedrich 2005 .
Recent studies have demonstrated that the H þ pump is the plasma membrane H þ -ATPase and that its activation by blue light is mediated via the phosphorylation of threonine residues in the C-terminus with a subsequent binding of a 14-3-3 protein Shimazaki 2002) . Phototropins (phot1 and phot2) have been identified as plant-specific blue light receptors in the phototropism of Arabidopsis thaliana (Huala et al. 1997 and also mediate blue light responses of plants, including phototropism, chloroplast movement, leaf expansion, rapid inhibition of hypocotyl elongation, leaf movement and stomatal opening , Briggs and Christie 2002 , Sakamoto and Briggs 2002 , Folta et al. 2003 , Inoue et al. 2005 . Phototropins are serine/threonine protein kinases with two LOV (light, oxygen and voltage) domains (Christie et al. 1998 , Salomon et al. 2000 , and the activated phototropins undergo autophosphorylation with a subsequent binding of 14-3-3 proteins (Kinoshita et al. 2003) , and ultimately activate the plasma membrane H þ -ATPase via signal cascades in guard cells. However, knowledge about blue light signaling pathways from phototropins to H þ -ATPase in guard cells is largely limited, although several components, including cytosolic Ca 2þ , PRT2 (ROOT PHOTOTROPISM2), type 1 protein phosphatase and protein kinase in the plasma membrane have been suggested to play key roles (Kinoshita et al. 1995 , Svennelid et al. 1999 , Inada et al. 2004 , Takemiya et al. 2006 .
In this study, we investigated NO's effect on lightinduced stomatal opening in Vicia faba guard cells to clarify the involvement of NO in ABA signaling. We found that NO inhibits stomatal opening by suppressing blue lightdependent phosphorylation of the plasma membrane H þ -ATPase, and that the inhibition by NO occurs on the component(s) between phototropins and the plasma membrane H þ -ATPase.
Results

NO inhibits blue light-specific stomatal opening
We investigated NO's effects on light-induced stomatal opening in the epidermis of V. faba. Stomata opened slightly by relatively strong red light at 150 mmol m -2 s -1 and greatly by blue light at 15 mmol m -2 s -1 superimposed on the red light. Sodium nitroprusside (SNP), an NO donor, had no effect on either stomatal aperture in the dark or opening response by red light. However, SNP completely inhibited blue lightspecific stomatal opening (Fig. 1) . The NO scavenger 2-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO), which was previously shown to block NO's effects (Delledonne et al. 1998 , Neill et al. 2002a ), largely restored this inhibitory effect. c-PTIO alone did not alter stomatal aperture in any of the light conditions. These results indicate that NO inhibits blue light-specific stomatal opening in Vicia epidermal peels.
NO inhibits blue light-dependent H þ pumping Since blue light-dependent H þ pumping acts as a driving force for stomatal opening (Assmann et al. 1985 , Shimazaki et al. 1986 ), the NO-dependent inhibition of stomatal opening prompted us to investigate NO's effects on H þ pumping. Blue light-dependent H þ pumping in Vicia guard cell protoplasts was inhibited by about 80% after application of SNP at 100 mM ( Fig. 2A) , and this inhibition was dependent on both the incubation time and the SNP concentration (Fig. 2B ). Since blue light-dependent H þ pumping is mediated by the plasma membrane H þ -ATPase via phosphorylation of the C-terminus with a subsequent binding of a 14-3-3 protein Shimazaki 1999, Zhang et al. 2004) , the levels of H þ -ATPase phosphorylation were determined through the amount of bound 14-3-3 proteins. As shown in Fig. 2C , protein blot analysis indicated that SNP inhibited the binding of a 14-3-3 protein to the H þ -ATPase in a concentrationdependent manner. c-PTIO almost completely prevented NO's effect on fusicoccin-dependent H þ pumping
The plasma membrane H þ -ATPase is the terminal target of blue light signaling in guard cells . NO's inhibition of protein kinase in blue light signaling pathways may explain why NO inhibits plasma membrane H þ -ATPase phosphorylation. To solve this issue, a fungal toxin fusicoccin, which functions as a direct stimulator of H þ -ATPase phophorylation by bypassing blue light signaling pathways (Shimazaki et al. 1992 , Zhang et al. 2004 , Inhibition of BL-specific stomatal opening by NO 717 was used. Fusicoccin induced both activation of H þ pumping and phosphorylation of the H þ -ATPase in Vicia guard cell protoplasts. SNP had little inhibitory effect on either fusicoccin-induced H þ pumping (Fig. 4A ) or binding of a 14-3-3 protein to the H þ -ATPase (Fig. 4B) . We isolated the microsomal fractions from guard cells and determined NO's effect on the H þ pumping mediated by the H þ -ATPase in these vesicles. SNP had no effect on the H þ pumping (data not shown). These data indicated that NO inhibited neither the protein kinase nor the H þ -ATPase activity and might inhibit some signal component(s) upstream of the protein kinase in blue light signaling of guard cells.
Effects of NO, ABA and H 2 O 2 on the phosphorylation of phototropins and H þ -ATPase In stomatal opening, phototropins have been demonstrated to function as blue light receptors and to autophosphorylate in response to blue light, and the phosphorylation activity is required for the signaling Christie 2002, Kinoshita et al. 2003) . We suspected that NO might act on phototropin activities because NO affects cysteine sulfhydryl groups in the protein by nitrosylation, and phototropins require the sulfhydryl groups for their photochemical reactions in LOV domains (Salomon et al. 2000, Sokolovski and Blatt 2004) . However, autoradiograms revealed that SNP at 100 mM slightly (by 520%) inhibited the blue light-dependent autophosphorylation of V. faba phototropins (Vfphots) (Fig. 5A ), but strongly (by 70%) inhibited blue light-induced phosphorylation of H þ -ATPase (Fig. 5B) . The mobility shift of Vfphots to the upper side by blue light strengthened the occurrence of autophosphorylation in the presence of SNP. There was no change in the amounts of Vfphots by these treatments. These results indicated that NO mainly inhibited the component(s) downstream of the phototropins and upstream of the H þ -ATPase in the blue light signaling pathway of guard cells.
In view of the conclusion that NO functions downstream of H 2 O 2 in ABA signaling for stomatal closure (L8 et al. 2005 (L8 et al. , Bright et al. 2006 , the results shown above prompted us to investigate whether or not ABA and H 2 O 2 have similar effects on Vfphots and the H þ -ATPase. Like NO, ABA and H 2 O 2 slightly (by 10 and 14%, respectively) inhibited autophosphorylation of Vphots (Fig. 6A ), but drastically (by 69 and 73%, respectively) inhibited phosphorylation of the H þ -ATPase (Fig. 6B) . The inhibitory actions of both ABA and H 2 O 2 on the blue light responses of guard cells were essentially the same as that of NO. These results, together with those of previous works (Pei et al. 2000 , Zhang et al. 2001 , Desikan et al. 2002 , Garcia-Mata and Lamattina, 2002 , Zhang et al. 2004 , L8 et al. 2005 , Bright et al. 2006 
inhibition of responses
Finally, we tested whether or not c-PTIO also restores inhibition of stomatal opening, of H þ pumping, and of H þ -ATPase phosphorylation by ABA or H 2 O 2 . c-PTIO partially restored the ABA-induced inhibition of all three, but had no effect on H 2 O 2 -induced inhibition (Fig. 7A-C) . These results most plausibly indicate that ABA induces the production of H 2 O 2 and NO, and that both H 2 O 2 and NO inhibit H þ -ATPase phosphorylation (Zhang et al. 2004 , Bright et al. 2006 . We determined the amounts of H þ -ATPase in all of these experiments and showed that none of the treatments had any effect on the amounts (Figs. 2C, 3B, 4B , 5B, 6B, 7C). 
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Inhibition of BL-specific stomatal opening by NO
Discussion
Specific inhibition of stomatal blue light response ABA is known to cause the production of NO and H 2 O 2 , and closes stomata to prevent water loss during drought. However, NO's effect on stomatal opening processes has not been investigated yet. In this study, we found that NO inhibits stomatal opening, which is specific to blue light, but does not inhibit red light-induced stomatal opening using SNP as an NO generator (Fig. 1) . Since blue light-induced stomatal opening is driven by H þ pumping across the plasma membrane through the H þ -ATPase activities in guard cells, we investigated whether or not NO affects the pump activities. We found that blue lightdependent H þ pumping was inhibited by NO in both a time-and concentration-dependent manner (Fig. 2 ) and that phosphorylation of the H þ -ATPase was inhibited in a similar manner. These results indicate that inhibition of blue light-dependent H þ -ATPase phosphorylation is responsible for NO's inhibition of blue light-specific stomatal opening.
Site of NO inhibition in blue light signaling pathways
As for the site of NO inhibition, several candidates are present in the blue light signaling pathways of guard cells. We excluded the direct inhibition of the H þ -ATPase because NO did not inhibit the H þ transport in the isolated membranes. In the plasma membrane of guard cells, there is an unidentified protein kinase that may directly phosphorylate H þ -ATPase by stimulation with a fungal toxin, fusicoccin. The kinase activity is actually insensitive to general protein kinase inhibitors , and its activity that phosphorylates H þ -ATPase has been demonstrated in the plasma membrane of spinach leaves (Svennelid et al. 1999) . It is possible that NO inactivates this protein kinase activity, thereby suppressing H þ -ATPase phosphorylation. We tested NO's effect on this process. However, NO did not inhibit fusicoccin-induced phosphorylation of H þ -ATPase, suggesting that NO did not affect this protein kinase. These results suggest the site of NO inhibition should be upstream of the protein kinase, which may phosphorylate the H þ -ATPase in guard cells. Since H þ -ATPase received the signal for its activation We have recently demonstrated that type 1 protein phosphatase mediates the signaling between phototropins and the plasma membrane H þ -ATPase in Vicia guard cells (Takemiya et al. 2006) . We tested NO's effect on the catalytic activity of recombinant type 1 protein phosphatase expressed in Escherichia coli and found that NO did not affect the activity (data not shown). This result suggests that the investigated catalytic subunit of type 1 protein phosphatase is at least not the signaling component acted on by NO. Fig. 7 Effects of c-PTIO on the inhibition of stomatal opening, of BL-dependent H þ pumping, and of the 14-3-3 protein binding level by ABA or H 2 O 2 . (A) Effects of ABA (10 mM) and H 2 O 2 (1 mM) on BL-dependent stomatal opening in the presence or absence of c-PTIO (100 mM). Other experimental conditions were the same as shown in Fig. 1 . Each bar indicates a mean of 42-48 measurements with standard errors from three independent experiments. An asterisk shows significant differences with a P50.001 (t-test) vs. ABA treatment alone. (B) Effects of c-PTIO on BL-dependent H þ pumping in the presence of ABA or H 2 O 2 . c-PTIO at 100 mM and ABA at 10 mM or H 2 O 2 at 1 mM were added to guard cell protoplast suspension 40 and 30 min before the BL pulse, respectively. Values are the means of three independent experiments with standard errors. Other experimental conditions were the same as shown in Fig. 3a. (C) Effects of c-PTIO on the levels of a 14-3-3 protein binding to the H þ -ATPase in the presence of ABA or H 2 O 2 determined by protein blot analysis. Guard cell protoplasts were completely solubilized 2.5 min after the BL pulse. Solubilized guard cell protoplast proteins were separated by SDS-PAGE. Arrowheads indicate the H þ -ATPase. Other reaction conditions were the same as shown in (B).
Action mechanisms of NO
We previously indicated that H 2 O 2 produced by ABA inhibits the blue light response of stomata via the suppression of H þ -ATPase phosphorylation (Zhang et al. 2004) . In the present study, we determined the effects of ABA and H 2 O 2 on the phosphorylation of both Vfphots and H þ -ATPase in response to blue light. We showed that both ABA and H 2 O 2 only slightly affected the autophosphorylation of Vfphots, but severely inhibited the phosphorylation of H þ -ATPase (Fig. 6) . Therefore, the effects of NO on the phosphorylation of Vfphots and the H þ -ATPase were similar to those of H 2 O 2 and ABA. The simplest interpretation of the results could be that NO is produced secondarily by H 2 O 2 that is generated by ABA in guard cells, as has been suggested in the event of stomatal closure of the epidermal peels (L8 et al. 2005 (L8 et al. , Bright et al. 2006 , and that NO is the substance that transmits the signal from H 2 O 2 to the target. If so, we can expect that c-PTIO, an NO scavenger, restores the blue light responses that ABA and H 2 O 2 inhibit. However, c-PTIO restored the ABA-induced inhibition of stomatal opening by half and did not restore the H 2 O 2 -induced inhibition of stomatal opening. In accord with this result, c-PTIO partially restored the ABA-induced inhibition of blue light-dependent H þ pumping and H þ -ATPase phosphorylation, and did not restore the H 2 O 2 -induced inhibition of these two responses (Fig. 7) . Since NO is demonstrated to be produced by the action of H 2 O 2 , the results suggest that both H 2 O 2 and NO inhibit H þ -ATPase phosphorylation, although the separate production of H 2 O 2 and NO could not be excluded. From these results, we conclude that ABA produces H 2 O 2 and NO, and that NO and H 2 O 2 individually inhibit blue light signaling.
It is intriguing that the two distinct small molecules NO and H 2 O 2 exhibit individual but similar effects on the blue light-induced stomatal opening. It is possible that NO and H 2 O 2 affect the same target in the blue light signaling pathways of guard cells. In agreement with this possibility, both NO and H 2 O 2 stimulate stomatal closure via the elevation of cytosolic Ca 2þ in guard cells, and the elevated cytosolic Ca 2þ inhibits both inward-rectifying K þ channels and the plasma membrane H þ -ATPase, and activates the anion channels (Kinoshita et al. 1995 , Hamilton et al. 2000 , Pei et al. 2000 , Schroeder et al. 2001 . A recent study demonstrated that the elevated cytosolic Ca 2þ induced by ABA activates the anion channel via the mediation of the Ca 2þ -dependent protein kinases CPK6 and CPK3 in A. thaliana (Mori et al. 2006) . Furthermore, inhibition of the H þ -ATPase by CDPK has been reported in the membrane proteins of beet roots (Lino et al. 1998) . Further investigation will be needed to clarify the target of NO in guard cell signaling.
ABA enhances the tolerance to drought stress
It is important for plants to adjust their stomata quickly to appropriate pore sizes so as to prevent water loss under a variety of environments (Assmann and Shimazaki 1999 , Roelfsema and Hedrich 2005 , Vavasseur and Raghavendra 2005 . ABA has been demonstrated to drive stomatal closure via the activation of anion channels that result in membrane depolarization (Schroeder et al. 2001) , with a subsequent activation of depolarization of activated outward-rectifying K þ channels. However, if ABA does not inhibit the plasma membrane H þ -ATPase that is activated by blue light, the membrane potential is maintained in a more hyperpolarized state, which antagonizes stomatal closure. Thus, it is important that ABA inhibits the plasma membrane H þ -ATPase, with simultaneous activation of closure systems. In this study, we demonstrated that ABA inhibits blue light-specific stomatal opening through the action of both NO and H 2 O 2 in guard cells. NO and H 2 O 2 are probably synthesized by nitrate reductase and generated by NADPH oxidase in the plasma membrane (Pei et al. 2000 , Desikan et al. 2002 , Kwak et al. 2003 , Bright et al. 2006 , respectively, in guard cells. Such distinct mechanisms of production of NO and H 2 O 2 may guarantee stomatal closure and enhance the plant's tolerance to water stress under rapidly changing environments.
Materials and Methods
Plant materials and isolation of guard cell protoplasts
Plants of V. faba (cv. Ryosai Issun) were cultured hydroponically in a greenhouse as described previously (Shimazaki et al. 1992) . Guard cell protoplasts were isolated enzymatically from the lower epidermis of 4-to 8-week-old leaves according to a previously described method . Isolated guard cell protoplasts were stored in 0.4 M mannitol and 1 mM CaCl 2 on ice in the dark until use. The amount of protein was determined by the method of Bradford (1976) using bovine serum albumin as a standard.
Stomatal bioassays
Stomatal aperture was determined as described previously (Kinoshita and Shimazaki 1997 ) with some modifications. The epidermal strips were peeled off from the abaxial side of the leaf under dim light using forceps, and were pre-incubated in a Petri dish containing 10 mM MES-NaOH (pH 6.1), 5 mM KCl and 0.1 mM CaCl 2 for 2 h in the dark. Then, the epidermal strips were illuminated with red light (150 mmol m -2 s ) superimposed on the red light in the presence or absence of treatment reagents for another 2 h. The strips were subsequently examined under a microscope (Eclipse TS100; Nikon, Tokyo, Japan) to determine the aperture of the stomata.
Measurements of blue light-and fusicoccin-dependent H þ pumping Blue light-dependent H þ pumping by guard cell protoplasts was determined with a glass pH electrode connected to a pH meter (Shimazaki et al. 1986 , Shimazaki et al. 1992 . The reaction mixture (1.0 ml) consisted of 0.125 mM MES-NaOH pH 6.0, 1 mM ). To examine the effects of NO on blue light-dependent H þ pumping, SNP (an NO donor) was added to guard cell protoplast suspensions at the indicated times before the application of the blue light pulse. c-PTIO was added to guard cell protoplast suspensions at the onset of background red light. All of the measurements were performed at 248C.
Immunoblot detection
The plasma membrane H þ -ATPase was detected immunologically with rabbit antisera raised against H þ -ATPase according to the methods described previously Shimazaki 1999, Zhang et al. 2004 ).
Protein blot analysis
The binding of a 14-3-3 protein to H þ -ATPase was analyzed according to a previously described method Shimazaki 1999, Kinoshita et al. 2003) .
Determination of levels of phosphorylation and amounts of Vfphots and H þ -ATPase The phosphorylation levels of Vfphots and H þ -ATPase were determined using guard cell protoplasts that had been labeled with 32 P, as described previously (Kinoshita et al. 2003) . The amounts of Vfphots and H þ -ATPase were determined immunologically. For detection of Vfphots, the reaction was terminated by adding trichloroacetic acid. For detection of H þ -ATPase, the reaction was terminated by adding an equal volume of the medium containing 100 mM MOPS-KOH (pH 7.5), 5 mM EDTA, 200 mM NaCl, 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM leupeptin, 4 mM dithiothreitol (DTT), 20 mM NaF, 1 mM ammonium molybdate, 100 nM calyculin A and 2% (w/v) Triton X-100. Immunoprecipitation was performed using the anti-H þ -ATPase antibodies conjugated to protein A-agarose with dimethyl pimelimidate dihydrochloride (DMP). The process was described in detail previously (Takemiya et al. 2006) .
Determination of H
þ pumping in microsomal membranes A membrane fraction that contained vanadate-sensitive H þ transport activity was obtained according to a previously described method (Goh et al. 1996) .
